The protein encoded by SNM1 in Saccharomyces cerevisiae has been shown to act specifically in DNA interstrand crosslinks (ICL) repair. There are five mammalian homologs of SNM1, including Artemis, which is involved in V(D)J recombination. Cells from mice constructed with a disruption in the Snm1 gene are sensitive to the DNA interstrand crosslinker, mitomycin (MMC), as indicated by increased radial formation following exposure. The mice reproduce normally and have normal life spans. However, a partial perinatal lethality, not seen in either homozygous mutant alone, can be noted when the Snm1 disruption is combined with a Fancd2 disruption. To explore the role of hSNM1 and its homologs in ICL repair in human cells, we used siRNA depletion in human fibroblasts, with cell survival and chromosome radials as the end points for sensitivity following treatment with MMC. Depletion of hSNM1 increases sensitivity to ICLs as detected by both end points, while depletion of Artemis does not. Thus hSNM1 is active in maintenance of genome stability following ICL formation. To evaluate the epistatic relationship between hSNM1 and other ICL repair pathways, we depleted hSNM1 in Fanconi anemia (FA) cells, which are inherently sensitive to ICLs. Depletion of hSNM1 in an FA cell line produces additive sensitivity for MMC. Further, monoubiquitination of FANCD2, an endpoint of the FA pathway, is not disturbed by depletion of hSNM1 in normal cells. Thus, hSNM1 appears to represent a second pathway for genome stability, distinct from the FA pathway.
Introduction
Mammalian SNM1 protein is a member of a family of proteins that contain a conserved β-lactamase domain [1] [2] [3] . The group includes at least four other homologs: Artemis, SNM1B, CPSF73, and ELAC2 [2, [4] [5] [6] [7] . The original identification of the SNM1 (PSO2) gene was in Saccharomyces cerevisiae by selection of mutants showing increased sensitivity to DNA crosslinking agents [8, 9] . In yeast the gene is non-essential and the repair function is strikingly specific for interstrand crosslinks (ICLs), with mutants showing normal UV and methylmethane sulfonate (MMS) resistance. The yeast enzyme, which contains the conserved β-lactamase motif, is known to have a 5'-exonuclease activity which is required for its function in ICL repair [1, 10] . The hSNM1 protein is also a 5'-exonuclease [11] and the SNM1 protein belongs to the β-CASP motif-containing family, which includes proteins that function in DNA repair, V(D)J recombination and RNA processing [12, 13] . Hydrophobic cluster analysis of amino acid sequences reveals additional members of this family [12] . Overproduction of SNM1 protein appears harmful to cells since over-expression is not stable [11, 14] , suggesting the exonuclease activity may need to be tightly regulated in its DNA processing activity.
ICLs in DNA result from the action of bifunctional crosslinking agents such as mitomycin C (MMC), psoralen with long-wave length UV, or cisplatin (CDDP). The repair of ICLs is complex, and in yeast is known to depend on three distinct pathways [15] , with SNM1 being the herald gene for the 'excision repair' pathway. The function of the SNM1 protein is distinct from, and non-epistatic to, the post-replication repair (PRR) or homologous recombination (HR) pathways [15] . The repair of ICLs may be cell cycle dependent [16] , however, snm1 mutants of S. cerevisiae have a normal S-phase after MMC treatment, with a prolonged G2 [17] . Interestingly, yeast snm1 mutants repair some forms of double strand breaks (DSB) normally [1] , indicating that the breaks arising as intermediates during ICL repair must differ from those caused by other means, such as the mating type switch.
A homolog of SNM1 in Drosophila has been identified, and mutants (mus322) are hypersensitive to nitrogen mustard [18] . Thus in the fly, the SNM1 protein does serve a role in genome maintenance. The role of the mammalian SNM1 protein is less clear. The homologous protein Artemis acts in V(D)J recombination; its deficiency results in a severe combined immunodeficiency (SCID) phenotype [19] [20] [21] . A mouse model has been constructed, also manifesting SCID [22] . Artemis is a 5'-exonuclease with a cryptic endonuclease activity that is activated by phosphorylation, cleaving putative recombination intermediates [23] [24] [25] . Thus, a function in DNA recombination and immunity is clear for one member of the mammalian SNM1 family. However, patients with a defect in SNM1 and associated clinical indications of genome instability have not been identified. Disruption of the murine Snm1 gene has been reported to cause only a modest increase in sensitivity to MMC [4] in ES cells, with an apparent D 37 ratio of about 2 for cell survival after MMC treatment. SNM1-deficient mice also have been reported to have decreased survival and increased tumorigenicity as well as increased susceptibility to infection in the C57BL6 background [26] . It also appears that SNM1 is a component of a mitotic stress checkpoint [27] . Thus the role, if any, of SNM1 in genome stability is not clear.
Fanconi anemia (FA) is a genome instability syndrome which results from a defect in any of at least thirteen genes [28] [29] [30] [31] [32] [33] . The disease manifests pancytopenia of marrow cells, developmental abnormalities, altered pigmentation and increased incidence of leukemia and squamous cell cancers [34] . At the cellular level, FA shows increased chromosomal breakage and radial formation as well as decreased cell survival following exposure to DNA crosslinkers such as MMC. The FA pathway relies on BRCA1 for normal function [35] , with evidence of direct interaction between FANC proteins and the Brca1/2 proteins (reviewed in [36] [37] [38] [39] ). Indeed, the FANCD1 gene is BRCA2 [31] . Thus there is a FA/BRCA pathway for genome stability in response to ICL formation.
To evaluate the function of the SNM1 protein in genome stability we constructed a mouse model with disruption of the Snm1 gene in the second exon. Using cells from the mouse model, as well as siRNA depletion of hSNM1 in human fibroblasts, we found that absence of SNM1 protein causes genome instability as manifest by aberrant chromosome forms after ICL formation. Survival of human cells lacking hSNM1 also is decreased following MMC treatment, reflecting a lack of normal processing of ICLs. Snm1 −/− mice are viable and have normal growth parameters, but a perinatal semi-lethality was observed in the mixed 129/SvJ/ C57BL/6J background when the Snm1 gene disruption was crossed with a Fancd2 disruption model mouse. By using depletion in FA cells, the SNM1 pathway was found to be non-epistatic with Fanconi anemia for genome stability following ICL formation. The results of these studies establish at least two separate pathways responding to ICL damage in mammalian cells and show that the SNM1 function in maintaining genome stability is distinct from the FA pathway for ICL response.
Materials and Methods

Generation of Snm1 Mutant Mice
A genomic mouse 129/SvJBAC library (Invitrogen) was screened with human SNM1 specific primers. A positive clone was identified and isolated. A 5kb HindIII fragment containing exons 1-4 of mSnm1 was subcloned into pBluescript SK (Stratagene). The construct was then cut with BglII and Eco47III, removing 623 bases of exon 2. A 2.5kb fragment containing a neoura cassette was excised from pRAY-1 by digestion with HindIII, which was filled in with Klenow (Boehringer Mannhein), then with BglII and was ligated into the pBluescript-mSnm1, creating an out of frame insertion in exon 2. The disrupted mSnm1 construct was linearized with HindIII and transfected into embryonic stem (ES) cells from a 129/SvJ background, which were then inserted into blastocysts from the C57BL/6J background. Germ line insertions were screened by Southern blot and PCR ( Fig. 1 ).
Generating Snm1−/−, Fancd2−/− mice
The construction of the Fancd2−/+ mouse in C57BL/6J background has been described [40] . Mice heterozygous for the Snm1 allele in a 129/SvJ background were crossed with the Fancd2 −/+ mice. The Fancd2 and Snm1 mice were bred to produce mice heterozygous for both mutations. Double heterozygous mice were then bred to produce mice homozygous for both mutations in a mixed C57BL/6J×129/SvJ background.
Mouse genotyping
The Snm1 allele was genotyped by PCR using the following primers: DB115, 5'-TCGCCAATGACAAGACGCTG; DB116, 5'-GTGGTAGTCCAAAAAACACGCC; DB117, 5'-CTGCCGTTACTTACAAGAGCCAG. The Fancd2 allele was genotyped as previously described [40] .
Cell lines and culture
Transformed fibroblasts were cultured in α-MEM medium (Mediatech) supplemented with 5% fetal bovine serum (Hyclone), 5% calf serum (Hyclone) and 0.1% gentamicin (Gibco) in a humidified incubator with 5% CO 2 at 37°C. GM639 cells were obtained from the NIGMS Human Genetic Cell Repository. Immortalized Fanconi anemia cell lines GM6914 (FANCA) were from NIGMS and PD331 (FANCC) were provided by the OHSU Fanconi Anemia Cell Repository. Mouse primary fibroblasts were derived from the adult ears for each of the genotypes of interest. The ears were soaked in 70% ethanol, rinsed several times with PBS, minced in RPMI medium (Gibco) containing collagenase (Gibco) and incubated at 37°C for three hours. The collagenase-containing medium was then replaced with DMEM medium containing 20% fetal calf serum (Hyclone) and the cells were grown at 37°C in a humidified incubator with 5% CO 2 .
Transfection
Transfections were performed as previously described [35] . Final volumes of 1 ml for a T25 flask and 3.2 ml for a 100 mm dish were used. Controls were transfected with either a nonfunctional siRNA duplex or an siRNA specific to lamin. The SNM1, ARTEMIS, and ERCC1 siRNA were SMARTpools (Dharmacon). A search of the NCBI expressed sequence database sowed that for the four siRNAs comprising the SNM1 SMARTpool, all had two or more mismatches with any known sequence.
Cell survival assay
Twenty-four hours following transfection, cells were plated on 100 mm dishes at 300 cells per dish and treated with MMC. Each data point was plated in duplicate. Cells were allowed to grow for 10 days in MMC, then fixed in a solution of 50% MeOH, 1% new methylene blue (Sigma). Colonies were counted, and standard errors of the means, denoted by bars, were derived from the duplicate data sets.
Immunoblotting
Cells were transfected on 100 mm dishes as described above, using a 3.2 ml final solution volume, then washed with PBS, trypsinized, pelleted, and frozen at −80°C at the indicated time points (Fig. 1) . Cell lysates were prepared as previously described [35] . 50 µg whole protein extract from each lysate was run on a 7.5% acrylamide gel and then transferred to Immobilon-P PVDF membranes (Millipore). Membranes were blocked overnight in TBST (TBS plus 0.1% Tween-20) and 5% non-fat dry milk. The β-tubulin blots were probed with a rabbit polyclonal antibody (Santa Cruz) at a 1:3000 dilution in TBST. β-tubulin blots were then incubated with goat anti-rabbit IgG HRP antibody (Bio-Rad) at a 1:10,000 dilution in TBST with milk. FANCD2 blots were probed with a monoclonal antibody (Santa Cruz) at a 1:200 dilution in TBST with 5% non-fat milk. FANCD2 blots were incubated with goat anti-mouse (Bio-Rad) in the same conditions. Anti-ERCC1 (Santa Cruz) was diluted 1:400 in PBST (0.1% Tween-20) with 5% non-fat dry milk, and goat anti-mouse secondary antibody was diluted 1:5000 in PBST (0.1% Tween-20) with 5% non-fat dry milk. FANCD2-L was quantitated using Photoshop. Anti-Artemis (Novus Biologicals) was diluted 1:1000 in TBST (0.1% Tween-20) with 5% non-fat dry milk. The membrane was washed with TBST (0.15% Tween-20), followed by goat anti-rabbit secondary antibody diluted 1:10,000 in TBST (0.1% Tween-20) with 5% non-fat dry milk. Detection was performed using a chemiluminescence kit (Perkin Elmer).
Quantification of SNM1 mRNA by qRT-PCR
Cells were harvested twenty-four hours after transfection and RNA was stabilized using RNAlater (Ambion). Total RNA was extracted using the RNeasy Mini Kit (Qiagen) and was quantified. Reverse transcription was performed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) using 1 µg of starting RNA material. Real Time quantitative PCR was performed using the iCycler iQ Detection System (BioRad) with 10 ng of starting cDNA material using the TaqMan Gene Expression Assay specific to SNM1 (Applied Biosystems). Endogenous Control primers specific to β-Actin were used for the housekeeping gene (Applied Biosystems). Each sample was tested in triplicate. An amplification plot was created for each sample. Threshold values were calculated from the amplification plots correlating to the cycle number where fluorescence was detected above a calculated threshold. mRNA concentrations for each sample were calculated with the Ct value and were normalized versus. β-Actin expression. Negative controls for each primer were included in each experiment.
Chromosome stability
For chromosome breakage studies, cells were treated with MMC (5-40 ng/ml) or DEB (50-150 ng/ml) 24 hours after transfection or mock transfection. Following 48 hours incubation with the clastogens, cells were harvested as previously described [35] . Slides were stained with Wright's stain, and 50 metaphases from each culture were scored for breaks and radial formation.
Cell cycle analysis
Cells were transfected in 100 mm dishes as described above. Duplicate plates were transfected to assure appropriate cell numbers. Twenty-four hours post transfection, cells were treated with the indicated amount of MMC and grown an additional 48 hours in the dark. Cells were harvested and fixed in ice cold 70% EtOH. Before analysis, cells were spun at 200 × g for 5 minutes, and the ethanol removed. They were then incubated for 2 hours at 37°C in 200 µl DNA extraction buffer (0.2 M phosphate citrate buffer, pH 7.8). The cells were then spun for 10 minutes at 1500 × g, and the supernatant was removed. Cells were stained in a 20 µg/ml solution of propidium iodide in PBS with 0.1% Triton X-100 and 200 µg/ml DNase-free RNase, and then incubated for 30 minutes at room temperature in the dark. The stained cells were sorted on a Becton Dickinson FACSCalibur machine, using CellQuest software for analysis. Approximately 20,000 cells per sample were analyzed.
Results
The Snm1−/− Mouse is viable and has normal life expectancy
Snm1 gene disruption in mice leads to no obvious abnormalities, but the mice have been reported to die sooner than heterozygous mice when injected with large doses of MMC (50% mortality in eight days at 10mg/kg of MMC) [4] . We constructed mice ( Fig. 1) with a frameshifting disruption of most of exon 2. Homozygous Snm1−/− mice were born at the expected frequency and there was no imbalance regarding sex of offspring. Long-term survival of the mice in the 129Sv background also was not changed by the homozygous Snm1 mutation (Fig  2) , with a p-value of 0.59 at twenty four months compared to heterozygous mice. Thus, in contrast to reports of a shortened life span in C57BL/6J background [26] , we do not observe increased spontaneous mortality in the SNM1 knockout construct mice, using the 129SV background.
Fibroblasts from the Snm1−/− mice show genome instability after MMC treatment
To evaluate the effect of the loss of Snm1 protein on genomic stability, murine fibroblast cell lines were established from ear flaps and tested for sensitivity to MMC, using chromosome stability as the end point by scoring breaks and radials in the telocentric chromosomes (Fig 3) . Fibroblasts from Snm1−/− mice were significantly more sensitive to MMC than fibroblasts from their normal littermates (Table 1 ). The increase in the number of radials per cell was approximately 2-fold in normal cells after MMC, but 7-fold in Snm1−/− cells. These observations establish a role for Snm1 protein in maintenance of genome stability.
Mice with a compound defect in Snm1 and Fancd2 show perinatal lethality
Since a defect in Snm1 introduces chromosomal instability similar to that seen in FA, mice with a combined defect in the pivotal Fancd2 protein and Snm1 were constructed to see if the defects were additive. The breeding program was to cross mice heterozygously defective for either one of the proteins. While there was no indication of lack of reproductive fitness in either of the constructs alone, in the backgrounds used, there was a significant shortfall in the number of expected compound homozygously defective mice born (Table 2 ). Since partial perinatal lethality has been reported for Fanc−/− in C57BL mice [40, 41] , this observation is not surprising. Beginning with a different breeding stock, with a higher percentage of 129/SvJ background, we observed expected ratios of offspring. Thus the partial perinatal lethality seems to be an epigenetic effect of the C57BL background. The semi-lethality in the combination mutants is compatible with Snm1 and Fancd2 acting in different pathways for genome stability. This suggests non-epistasis, since partial perinatal lethality was not observed for Fancd2 homozygous mutants in our breeding stocks, in contrast to others [40, 41] .
Depletion of hSNM1 produces sensitivity to ICLs in human fibroblasts
In order to obtain human cells deficient in SNM1, siRNA depletion was used. siRNA-mediated depletion of hSNM1 protein leads to an increase in radial formation after exposure to MMC or diepoxybutane (DEB) (data not shown) ( Table 3 ). This result agrees with the finding of decreased survival of human fibroblasts depleted for hSNM1 after exposure to MMC (Fig. 4) . Thus by two standards, radial formation and cell survival, depletion of hSNM1 increases sensitivity to ICLs. Depletion of hERCC1, another NER pathway protein known to act in ICL repair [42] also increases sensitivity to ICLs ( Figure 5B and Table 3 ). However, depletion of XPC, a NER enzyme known not to act in the repair of ICLs, did not cause an increase in radial formation following ICL formation (data not shown).
In contrast to hSNM1, depletion of Artemis does not lead to increased radials or decreased cell survival after exposure to MMC ( Figure 5A and Table 2 ). Rather, Artemis deficiency has been shown to lead to sensitivity to ionizing radiation (IR) damage [21] . Thus homologs in the β-CASP family have strikingly different functions in response to, and repair specificity for, DNA damage.
SNM1 is non-epistatic with the FA pathway for genome stability
To test whether or not SNM1 acts in the FA pathway, we depleted SNM1 in GM6914 cells, a cell line deficient for FANCA. If SNM1 functions in the FA pathway, it would be expected that FA cells depleted of SNM1 would not show an increase in radial formation following treatment with DNA interstrand crosslinker. However, as in the normal cell line, there was an increase in radial formation in FANCA cells following treatment with ICL agents in cells depleted for SNM1 (Table 3) . Activation of the FA pathway following DNA damage is reflected in mono-ubiquitination of FANCD2 (FANCD2-Ub), resulting in a FANCD2 of greater molecular weight (FANCD2-L). Thus, if SNM1 functioned in the FA pathway in a step required for this activation, FANCD2-L should not be formed in cells depleted for SNM1. Depletion of hSNM1 did not reduce FANCD2-L formation after MMC treatment (Figure 4 B) . This is compatible with SNM1 acting in an entirely separate pathway from FA. Taken together the results support SNM1 being non-epistatic with the FA pathway.
Discussion
SNM1, a member of the β-CASP family, is specific for repair of ICLs in yeast. In order to study the role of SNM1 in mammalian DNA repair, we created a mouse model knockout of the gene. Mice with a deletion in Snm1 are born at expected frequencies, and show no gross anatomical abnormalities. They also have a normal life expectancy. However, fibroblast cell lines derived from Snm1 mutant mice show sensitivity to ICLs, as shown by increased chromosomal breaks and radial formation as well as decreased cell survival after MMC treatment. Also, Snm1 mice crossed with a Fancd2 deficient mouse show a strain-specific decrease in doubly homozygous mutant mice. Thus it appears that there is a defect in genome stability in Snm1 mutants that is not sufficient to cause decreased survival unless combined with another defect. This observation implies a defect in two separate pathways. Because of the homology with Artemis protein and its role in the immune response, with defects being associated with a SCID phenotype, mice defective in Snm1 were inspected for immune system function. T-cell numbers were identical between Snm1−/− mice and wild-type littermates as determined by CD4 FITC-labeled antibody and FACS analysis.
Like the mouse cells deficient in Snm1, normal human fibroblasts depleted for SNM1 show sensitivity to ICLs, as measured by decreased survival and increased breaks and radials in the presence of mitomycin C. Depleting SNM1 in a cell line with a mutation in the Fanconi anemia protein FANCA increased the amount of radial formation. This, along with the decrease in perinatal survival of Snm1/Fancd2 double mutant mice, indicates that SNM1 is non-epistatic to the FA pathway of ICL response.
The results indicate that there are at least two pathways for maintenance of genome stability following ICL formation in mammalian cells, and that components of the NER pathway function in one such response. This is not surprising. There are three known pathways for the repair of ICLs in yeast [15] , which do not have any of the known FA homologs. The pathways define three epistasis groups for ICL repair. Thus, the HR pathway does not function in the PRR pathway or the NER pathway. The same picture is emerging for mammalian cells.
Recently a patient has been identified with a severe XP-F defect [43] . The patient manifests a progeroid syndrome and cellular sensitivity to ICL, implicating the ERCC1/XP-F dyad in ICL repair in humans. As noted above, depletion of ERCC1 in human fibroblasts results in increased radial formation after MMC treatment. Since ERCC1, XP-F and SNM1 are all in the NER pathway, it might be expected that hSNM1 defects would result in a similar phenotype, if compatible with life. This remains to be shown, since there are no patients identified lacking hSNM1 activity.
A striking finding is that the closely related members of the β-CASP family appear to serve different roles in response to DNA damage. Since the active site for the exonuclease is conserved and several members are demonstrated to be 5'-exonucleases, it might have been expected that the function would be the same. However, hSNM1, a 5'-exonuclease, does not show detectable endonuclease activity, whereas Artemis does. As reported here, depletion of hSNM1, but not Artemis, leads to cellular sensitivity to MMC. Thus the presence of a 5'-exonuclease does not reflect the subtle variation in DNA processing the proteins demonstrate. The activity of Artemis in V(D)J rejoining appears to be via the NHEJ mechanism. The lack of increased sensitivity to ICLs we observe suggests that the Artemis activity does not contribute ICL repair, implying that NHEJ function of the Artemis type does not play a role in acting on intermediates of ICL repair. Cytogenetic analysis of Snm1 mutant mouse fibroblasts reveals an increase in chromosomal breaks and radials (indicated by arrows) following MMC damage. Depletion of SNM1 in human fibroblasts by siRNA results in increased sensitivity to MMC and increased radial formation. A) An siRNA specific to SNM1 results in over 90% reduction of SNM1 mRNA compared to a control siRNA in wildtype human fibroblasts (GM639). B) Depletion of SNM1 by siRNA in GM639 fibroblasts. Following depletion, and extraction the immunoblot was probed with anit-FANCD2 antibody. The percent of FAND2-L form is indicated for each blot. C) Depletion of SNM1 by siRNA results in decreased survival of fibroblasts after MMC compared to a control siRNA. Survival of human fibroblasts after depletion of ARTEMIS (A) or ERCC1 (B) with MMC treatment. Immunoblots demonstrate depletion. (14) 26 (27) 14 (14) a The p-value for the variance from predicted values for the first 190 is less than 0.02, calculated by the chi-squared test. Expected numbers are in parentheses. Table 3 Radial formation in human fibroblasts with siRNA depletion. p-values were determined using a two-tailed paired t-test. MMC was 5 ng/ml for GM6914 and 40 ng/ml for GM639.
